Article abstract-Objective: To determine cerebral regional concentrations of N-acetyl aspartate (NAA), total choline (Cho), and total creatine (Cr) in Rett syndrome (RS) using 1 H magnetic resonance spectroscopic imaging (MRSI). Background: The biochemical defect underlying RS is unknown. Because in vivo MRSI can detect important cerebral metabolites, MRSI has a potential to reveal impairment of regional cerebral metabolism in RS noninvasively. Methods: Highresolution, multislice 1 H MRSI was carried out in 17 girls with RS. The control group consisted of nine healthy children. Results: In patients with RS, average Cho concentration was 12% higher ( p Ͻ 0.005) and average NAA concentration 11% lower ( p Ͻ 0.0001) compared with the control group. Regional metabolic differences included significantly lower NAA concentration in the frontal gray and white matter, insula, and hippocampus in RS; no difference in regional Cho and Cr concentrations were found. A 20 to 38% higher Cho:NAA ratio in frontal and parietal gray and white matter, insular gray matter, and hippocampus ( p Ͻ 0.05) and a 14 to 47% lower NAA:Cr ratio in frontal cortical gray matter, parietal and temporal white matter, insula, and putamen ( p Ͻ 0.05) were found in subjects with RS compared with controls. Patients with seizures had higher average concentrations of Cho, Cr, and NAA compared with those without seizures (8 -19%, p Ͻ 0.05). Conclusion: Metabolic impairment in RS involves both gray and white matter and particularly involves frontal and parietal lobes and the insular cortex. Loss of NAA most likely reflects reduced neuronal and dendritic tree size; increased Cho concentration may result from gliosis.
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is a neurologic disorder of unknown cause, predominantly affecting girls. The perinatal and early postnatal development in patients with RS appears normal, but development progressively deteriorates after the age of 6 months to 1 year. 2 Marked loss of function is observed between the ages of 1 and 5 years, but thereafter the clinical state is relatively stable. Because the underlying biochemical defect in RS is unknown, the diagnosis is based on a combination of clinical features including microcephaly, stagnation of cognitive development followed by severe mental retardation, characteristic hand-wringing movements, gait ataxia, and presence of seizures. 2, 3 One method to improve our understanding of the pathology of RS is in vivo proton MRS ( 1 H MRS). 1 H MRS can noninvasively detect important neurometabolites in the brain tissue, including N-acetyl aspartate (NAA), total choline (Cho), and total creatine (Cr). 4 NAA is present only in neurons and axons in mature brain; increased levels of Cho and Cr are found in glial cells. 5 Noninvasive 1 H MRS therefore has the potential to detect in vivo pathologic changes in brain tissue.
There have been relatively few reports on MRS in RS. [6] [7] [8] [9] [10] Most of these studies involved relatively small numbers of subjects and studied only one region of the brain, using single-voxel localized spectroscopic techniques. Only one study used spectroscopic imaging, performed in one slice. 8 Most or the studies did not use age-matched controls, and some of the findings were discordant.
The goal of our study was to perform a detailed comparison of regional cerebral NAA, Cho, and Cr concentrations in early RS, when the impact of the primary biochemical defect upon brain development would be more evident, and in healthy children, using multislice, quantitative, high-resolution 1 H magnetic resonance spectroscopic imaging (MRSI). We tested the following hypotheses:
1. NAA concentration in RS is lower, consistent with neuropathological findings in RS, in particular neuronal and dendritic abnormalities. 2, 11, 12 2. Cho concentration is increased in RS subjects, because of gliosis.
jects had mild white matter T2 hyperintensities; two subjects had mild sulcal prominence; and one subject had both mild white matter T2 hyperintensities and mild sulcal prominence. Three subjects were diagnosed with seizures, and in two subjects spike activity was detected by EEG only. Nine subjects received antiepileptic medication (valproic acid, carbamazepine, lamotrigene, phenobarbital, clonazepam); eight subjects did not receive any prescription medication. Nine healthy children, mean age 9 years, 9 months Ϯ 4 years, 6 months (range 3 years, 2 months to 14 years, 10 months; 5 female, 4 male) were used as a control group. The children were either healthy female siblings of subjects with RS or healthy volunteers (8 years of age or older). During the examination, the RS subjects were sedated with chloral hydrate (75 mg/kg body weight). Two girls from the control group aged 3 years were sedated with nembutal (4 mg/kg body weight). The protocol was approved by the institutional joint committee on clinical investigation, and informed parental consent was obtained.
Clinical MRI examination. The examination was performed at 1.5 Tesla on a standard clinical scanner (General Electric Medical Systems, Milwaukee, WI), using a combined MRI and MRSI protocol. All studies used the standard General Electric quadrature birdcage head coil. Standard brain MRI examination consisted of series of sagittal T1-weighted images: repetition time (TR) ϭ 625 ms, (TE) ϭ 20 ms, slice thickness ϭ 4 mm, field of view (FOV) ϭ 24 cm, acquisition matrix 256 ϫ 192), obliqueaxial double-echo spin density, and T2-weighted images (TR ϭ 3000 ms, TE 1 ϭ 31 ms, TE 2 ϭ 100 ms, slice thickness ϭ 5 mm, FOV ϭ 24 cm, acquisition matrix 256 ϫ 192).
MRSI. MRSI was performed using a spin-echo sequence with two-dimensional phase-encoding and outervolume saturation pulses for lipid suppression. 16 Four 15 mm-thick slices were recorded parallel to the anterior commissure-posterior commissure line (TR/TE ϭ 2,300 ms/272 ms). A 32 ϫ 32 circular phase-encoding scheme resulted in total data acquisition time of 30 minutes (one signal average per phase-encode step). The FOV of 24 cm resulted in a nominal voxel size of approximately 0.8 cm 3 . The echo signal was digitized with 256 data points and a spectral width of 1000 Hertz. Water suppression was accomplished with a single chemical shift selective pulse with a bandwidth of 110 Hertz. Extracranial lipid signals were attenuated by the use of eight outer-volume saturation pulses, arranged in an octangular pattern. T1-weighted MR images (15-mm slice thickness, TR ϭ 400 ms, TE ϭ 20 ms) were recorded at the same slice locations as the MRSI data set for anatomic correlation. After the MRSI acquisition, double gradient-echo images were also recorded at the same slice locations in order to calculate maps of the B 0 magnetic field strength required for "susceptibility correcting" of the MRSI data sets.
Quantitation methodology. Spectroscopic images of Cho, Cr, and NAA were reconstructed using threedimensional Fourier transformation. Before Fourier transformation, a cosine filter was applied in the spatial dimensions, and an exponential line broadening of 3 Hertz, zero filling to 8192 data points, and a high-pass convolution filter to remove the residual water signal (50-Hertz stop band) were applied in the time domain. A frequency correction, based on the field maps calculated from the gradient-echo scans, was also applied. No baseline correction was needed. Magnitude spectra were analyzed in the frequency domain. Resonance signals of Cho, Cr, and NAA were fitted to a gaussian lineshape.
1 H MR spectra were evaluated from the following brain regions: frontal cortical gray matter, frontal white matter (including centrum semiovale), parietal cortical gray matter, parietal white matter, temporal medial gray matter, temporal white matter, insula, hippocampus, putamen, thalamus, and midbrain. The figure shows the typical location of the four slices for MRSI. Only voxels that appeared completely encompassed by the boundaries of the anatomic regions of interest were chosen for analysis, in order to avoid partial volume effects. In most cases, one voxel could be chosen in each hemisphere per each region. The data from both hemispheres were averaged. 17, 18 On the average, two voxels were evaluated per white-matter region, and one to two voxels per gray-matter region. In some subjects, data could not be obtained for all regions, because of low spectral quality caused mainly by susceptibility artifacts. The total number of data points averaged for those regions is given in the Results (see table 1 ).
Quantitation of MRSI data was performed using the phantom-replacement methodology that our group previously developed and described. 19 Briefly, a MRSI measurement of a standard sample solution (20-mM water solution of Cr) was performed for calibration of signal intensities for calculation of absolute concentrations of brain metabolites. Metabolite signal intensities were corrected for relaxation-time effects using relaxation-time values from the literature 20 and for variable radiofrequency coil loading, and correction for differences in receiver gain between the phantom and brain spectra was performed. Metabolite concentrations were then calculated from the ratio of the corrected metabolite and phantom signals.
1 H MR spectra were referenced to the chemical shift of NAA (2.02 ppm). Metabolite images were reconstructed based on integrated signal intensities of the metabolites in the regions between 3.34 and 3.24 ppm (Cho), 3.14 and 2.94 ppm (Cr), 2.22 and 1.82 ppm (NAA), and 1.55 and 1.15 ppm (lactate and residual signal of lipids, if present). Linear interpolation from the original 32ϫ32 matrix size to 256ϫ256 points was performed.
Statistical analysis. The MacAnova (University of Minnesota School of Statistics, Minneapolis, MN) statistical package was used for statistical analyses. Two-way analysis of variance (ANOVA) was used to compare regional metabolite concentrations and metabolite ratios between the subject groups, with brain region and subject group as factors. The Fisher method was applied for post hoc analysis. Comparison of average metabolite concentrations and metabolite ratios between the groups of RS subjects with and without seizures was performed using the unpaired two-tailed Student t-test. The correlation between metabolite concentrations and age was examined using linear regression analysis. Results are presented as means and standard deviations. The level of statistical significance was set to p Ͻ 0.05.
Regional absolute metabolite concentrations in the RS and the control groups are presented in In spite of significant difference in average Cho and NAA concentrations between the RS and control groups, there was no significant interaction between brain region and subject group (i.e., there was no combination of brain region and group that significantly differed from the others). Thus, the Fisher method used for correction for multiple comparisons did not permit further statistical evaluation of differences in regional metabolite concentrations between the two subject groups. However, in an attempt to identify regions with the largest difference between groups, we also performed selected additional t-tests of regional Cho and NAA concentrations. We found lower NAA concentrations in the frontal cortical gray and white matter, hippocampus, and insular cortex in RS compared with controls ( p Ͻ 0.05; table 1). No significant differences in regional Cho concentrations between RS patients and the control group were detected.
Metabolite ratios. ANOVA comparison of ratios Cho: Cr, NAA:Cr, and Cho:NAA between RS subjects and controls revealed a significant difference in average ratios NAA:Cr and Cho:NAA. The whole-brain average NAA:Cr ratio in RS was 1.17 Ϯ 0.23 compared with 1.39 Ϯ 0.31 in controls ( p Ͻ 0.01). The whole-brain average Cho:NAA ratio in RS was 0.29 Ϯ 0.06 compared with 0.23 Ϯ 0.07 in controls ( p Ͻ 0.01). We found an interaction between brain region and subject group for both NAA:Cr ( p Ͻ 0.01) and Cho:NAA ( p Ͻ 0.05). No difference in the ratio Cho:Cr between groups was detected.
In order to determine if the differences in the ratios NAA:Cr and Cho:NAA between RS and the control group could be explained by differences in metabolite composition of main tissue classes (cortical and subcortical gray matter, white matter), we performed a comparison of the ratios Cho:NAA and NAA:Cr in combined data from cortical gray matter, subcortical gray matter, and white matter between RS and controls. The analysis did not reveal any significant interaction between brain region and subject group. In contrast, the post hoc analysis of ratios Cho:NAA and NAA:Cr performed in individual brain regions showed that differences in several brain regions could account for the global difference between RS and control groups (table 2). The ratio NAA:Cr was lower in the following brain regions in RS: frontal cortical gray matter, parietal white matter, temporal white matter, insular gray matter, and putamen ( p Ͻ 0.05). The difference in the ratio NAA:Cr between the two groups approached statistical significance in parietal cortical gray matter, frontal white matter, and thalamus ( p Ͻ 0.08). The differences in the ratio NAA:Cr between RS subjects and controls were in the range of 14 to 47%. The smallest difference in NAA:Cr was observed in the temporal white matter, the largest difference in the insular gray matter. The ratio Cho:NAA was higher in the following brain regions in RS: frontal and parietal cortical gray matter, frontal and parietal white matter, insular gray matter, and hippocampus ( p Ͻ 0.05). The differences in the ratio Cho:NAA between subjects with RS and controls were in the range of 20 to 38%.
Age differences in metabolite concentrations and metabolite ratios. The regression analysis performed of both absolute metabolite concentrations and metabolite ratios Data are presented as mean Ϯ standard deviation.
.005 (analysis of variance). § p Ͻ 0.0001 (analysis of variance).
Metabolite concentrations were averaged from the following brain regions: ‡forceps minor, anterior white matter, and centrum semiovale; §forceps major and posterior white matter.
Cho ϭ choline, Cr ϭ creatine; NAA ϭ N-acetyl aspartate; RS ϭ Rett syndrome.
in individual gray-and white-matter brain regions in RS did not reveal any significant age dependence, with the exception of an increase in the Cr concentration in the midbrain in RS with age (slope ϭ 0.32, p Ͻ 0.05). However, no significant age-related changes were found in any midbrain metabolite ratio involving Cr. Similarly, in the control group, metabolite concentrations and ratios in individual brain regions did not show statistically significant age dependence.
Metabolite concentrations and metabolite ratios in subjects with RS with seizures.
Clinical symptoms in five subjects of our RS population included seizures that were generalized rather than localized to a certain brain area. Therefore we performed a comparison of average metabolite concentrations and metabolite ratios between the groups of RS subjects with seizures (n ϭ 5) and without seizures (n ϭ 12). Our aim was to determine if Cho concentration is increased in patients with seizures. Statistical analysis revealed significant differences in metabolite concentrations between these two groups (table 3) . Average Cho concentration in subjects with seizures was 19% higher than in subjects without seizures ( p Ͻ 0.001). In addition, in subjects with seizures, average Cr and NAA concentrations were higher by 8% ( p Ͻ 0.05) and 13% ( p Ͻ 0.001), respectively, compared with subjects not having seizures. The ratio Cho:Cr was 10% higher in the seizure group ( p Ͻ 0.01); there was no difference in NAA:Cr or Cho:NAA ratio between the two groups.
Compared with the control group, the subjects with seizures had a 23% higher average Cho concentration ( p Ͻ 0.05) and a 10% higher average Cr concentration ( p Ͻ 0.05). The average NAA concentration in the subjects with seizures was slightly decreased compared with controls (nonsignificant). We found 11% higher average ratio Cho: Cr, 24% higher average ratio Cho:NAA, and 16% lower average ratio NAA:Cr in subjects with seizures than in controls ( p Ͻ 0.05). In subjects with RS without seizures, no difference in average Cho or Cr concentration was found compared with the control group. The average NAA concentration in the subjects without seizures was 16% lower than in controls ( p Ͻ 0.05). No difference in average Cho:Cr ratio was found; average NAA:Cr ratio was 21% lower and Cho:NAA ratio 19% higher in subjects with RS without seizures compared with controls (p Ͻ 0.05). Metabolite concentrations were averaged from the following brain regions: †forceps minor, anterior white matter, and centrum semiovale; ‡forceps major and posterior white matter.
Cho ϭ choline; Cr ϭ creatine; NAA ϭ N-acetyl aspartate; RS ϭ Rett syndrome. Cho ϭ choline; Cr ϭ creatine; NAA ϭ N-acetyl aspartate.
Discussion. Metabolite concentrations and metabolite ratios in RS.
The major finding of the current study is a statistically significant overall reduction of NAA and NAA:Cr in RS subjects compared with controls. Over all brain regions, NAA concentration was 12% lower in RS, with a largest difference of 23% in the frontal cortical gray matter. NAA reduction in cortical gray and white matter in RS correlates with the decrease in dendritic arborizations and synapses, as demonstrated by cytoarchitectonic 12 and dendritic labeling techniques. 11, [21] [22] [23] The fact that the frontal cortex is showing greater gray-than white-matter NAA involvement could be explained by the results of studies of dendritic arborizations, which demonstrate greater reductions in premotor and prefrontal areas. Metabolic abnormalities in the frontal lobe also support findings of previous imaging studies. For example, PET and SPECT studies have indicated that the frontal lobe may be hypoperfused in RS. [24] [25] [26] Volumetric MRI studies have also shown relatively greater reduction in size of the frontal lobe 18 ,27 compared with other cortical regions. Cross-sectional analyses demonstrated that NAA concentration as well as NAA:Cr ratio did not change over the 3-to 12-year old age range in either group. Considering that this is the main period of synaptic modeling or pruning, 28 the lack of decrease in NAA concentration over time in RS suggests that reductions in dendritic arborizations may not be the consequence of enhanced synaptic pruning. Indeed, anatomic and molecular studies indicate that early dendritic development is impaired in RS neocortex [29] [30] [31] (for review see reference 17). Because NAA, believed to be a neuronal marker, 32 was only mildly reduced without age-related differences, our results support the clinical concept of RS as a neurodevelopmental, rather than a neurodegenerative, disease. 11, 27 Abnormally elevated Cho:NAA ratio was found in several brain regions in RS, including frontal-lobe gray and white matter and hippocampus. Several mechanisms may account for elevations in Cho concentration in RS, including reduced myelination, demyelination, or gliosis. 33 Of these possibilities, the most plausible in RS is the presence of variable gliosis. This phenomenon has been only recently recognized in cerebral cortex in patients with RS, mainly as a consequence of the application of immunochemical and other molecular techniques. 13 The presence of gliosis in RS, as well as in other conditions, has been interpreted as a result of longstanding seizures. 34 In agreement with literature data, 35, 36 higher Cho levels were associated with the presence of seizures. Higher Cr levels in RS subjects with seizures found in our study may be consistent with gliosis. 37 However, a higher NAA concentration in RS subjects with seizures compared with those not having seizures was a somewhat surprising finding. Lower NAA levels in patients with epileptic seizures compared with control values 36,38,39 were explained by neuronal damage or loss in the seizure focus. Because reductions in neuronal size and dendritic trees are generally found in RS, we are at present unable to explain a 13% higher average NAA concentration in subjects with seizures compared with subjects without seizures. The systematic difference in the concentration of all three metabolites between the two RS groups could be also explained by a different brain tissue composition (i.e., different amount of CSF in the spectroscopic voxel). However, we do not believe this is the case, because the analysis was done with care to avoid any pixels with visible CSF content, and also increased metabolite concentrations would indicate less CSF contamination (i.e., less atrophy) in the group with seizures, which was not our observation. Additional neuroanatomical and neurochemical studies comparing RS patients with and without seizures are therefore necessary to elucidate these findings.
Our study also demonstrates that in RS, metabolite ratios may be more sensitive to detect small metabolic abnormalities than absolute metabolite concentrations. In particular, because average Cho concentrations in RS were higher or similar to those in the control group and NAA concentrations were lower in RS, the resulting Cho:NAA ratio exhibited a larger relative difference between groups than difference in Cho or NAA concentrations alone.
In general, metabolite ratios are not affected by partial volume effects resulting from the presence of CSF in the voxel. For example, in our study, a slightly higher NAA concentration in the thalamus in RS may be caused by partial volume effects in the control group, because all thalamic metabolite concentrations were lower than in RS and the metabolite ratios were equal in both groups. Use of metabolite ratios can also eliminate potential systematic errors if the quantitation analysis is not accurate. However, to explain differences in metabolite ratios between subject groups, absolute metabolite concentrations are needed.
Comparison to previous MRS studies. The first MRS study in RS 6 examined the frontal lobe in four RS patients, 13 to 20 years old. The volume of interest (8 cm 3 ) encompassed both gray and white matter. In contrast to our data, which show increased Cho: NAA ratio in both frontal white and gray matter in RS, metabolite concentrations in the frontal lobe were equal in their patients and control subjects. The discrepancy may be accounted for by different age groups and a smaller sample size in their study.
In agreement with our data, normal levels of Cho and Cr and a mild reduction of NAA concentrations (by 10%) in RS were reported in a preliminary study involving 17 girls with RS, aged 2 to 31 years. 9 Single-voxel MRS was performed in both gray and white matter.
Elevated Cr:NAA ratio in white matter was reported in six patients with RS, aged 4.5 to 6 years, compared with four sibling controls aged 5.5 to 13 years. 8 In another study, 10 lower NAA:Cho and NAA:Cr ratios in the parietal lobe were found in two patients with RS, 11 and 23 years old, and in a 4-year-old patient no metabolic abnormalities were detected. In the latter study, the volume of interest included both gray and white matter. In accordance with these studies, we found a lower ratio of NAA:Cr (i.e., higher Cr:NAA ratio) in several white and gray matter regions in RS.
Age-related changes in the 1 H MR spectra of RS were reported earlier. 7 NAA levels in RS decreased with age (2-21 years) in both gray and white matter. In a subsequent study by the same authors, involving a larger number of subjects, 9 no age-related differences in Cho, Cr, or NAA concentrations were observed. In agreement with the latter study, 9 we did not observe significant age-related differences in Cho, Cr, and NAA concentrations in the RS group, similar to the control group. Although we found an increase in midbrain Cr concentration with age in RS, we interpret this result with caution. First, the metabolite ratios involving Cr did not show any significant age-related dependence. Second, because this was the only analysis that resulted in statistical significance, it might result from type I error (a false-positive result).
The value of MRS in RS. We detected cerebral metabolic impairment in multiple brain regions of our subjects with RS, despite MRI examinations that were evaluated as structurally normal. We therefore demonstrate that multislice 1 H MRSI is a sensitive method capable of detecting small regional metabolic abnormalities in RS. Our study is the first to perform a detailed examination of the metabolism of the supratentorial brain regions in RS. Based on analysis of regional metabolite concentrations, we conclude that both gray and white matter are involved in metabolic impairment in RS, resulting from specific regional involvement.
The generalized decreases in NAA:Cr in cortical white matter, which in several regions were greater than those in the gray matter, are intriguing findings suggesting that axonal involvement in RS may be more pronounced than originally thought. Our MRSI findings suggest that additional studies on axonal involvement in RS are needed. Article abstract-Objectives: To establish the role of high-resolution CT imaging and tests of vestibulocollic reflexes in diagnosing and understanding the pathogenesis of the Tullio phenomenon. Background: The Tullio phenomenon is a syndrome in which acoustic stimulation produces symptoms and signs of vestibular activation. It has previously been associated with an abnormally low threshold for click-evoked vestibulocollic responses and also with dehiscence of the roof of the anterior (superior) semicircular canal on high-resolution CT scans of the temporal bones. Methods: High-resolution CT scans of the temporal bones and vestibulocollic responses in sternocleidomastoid to both clicks and transmastoid galvanic stimulation (3 mA/2 msec) were studied in four patients with the Tullio phenomenon (one bilateral). Results: Click-evoked thresholds were low for all affected ears (four at 65 dB nHL, one at 55 dB nHL) and normal (Ͼ70 dB nHL) for the three unaffected ears. In contrast, galvanic-evoked vestibulocollic responses were symmetric and of normal size in all patients. The bony roof of the anterior (superior) semicircular canal was thin, possibly absent, on CT of all affected ears and also in two out of three unaffected ears. Conclusions: The normal galvanic vestibulocollic responses indicate that sound sensitivity in patients with the Tullio phenomenon is likely to occur distal to the vestibular nerve, probably at the level of the receptors. Both click hypersensitivity and dehiscence of the anterior (superior) semicircular canal are associated with the Tullio phenomenon but as the CT scan abnormality can occur in clinically unaffected ears, click testing is important for specific diagnosis. Abnormal sound sensitivity, as demonstrated by click responses, confirms that the radiologic abnormality is function significant. Key words: Tullio phenomenon-Dehiscence-CT scan-Vestibulocollic reflex-Clicks-Galvanic. Tullio observed that the vestibular system becomes responsive to sound if a bony window is made in one of the semicircular canals. 1 In recognition of these observations, the term "Tullio phenomenon" is currently applied to patients in whom there is evidence of vestibular activation in response to acoustic stimulation. 2 This can be manifest as vertigo, imbalance, or oscillopsia when the affected ear is exposed to everyday loud sounds, such as shouting or traffic screeching, and these symptoms can remain stable for many years. Some patients have additional clinical features suggesting sensitivity of the vestibular system to sustained translabyrinthine pressure changes, such as vertigo and eye movements induced by straining or pressure change within the external auditory meatus. [3] [4] [5] The Tullio phenomenon has been described in a range of clinical contexts, including fistulae of the lateral semicircular canal 2, 6 and other types of perilymph fistulae, 7 Meniere's disease, 8 congenital deafness, 9,10 and hypermobile stapes. 8, 11 Despite these recognized associations, many cases have remained unexplained despite extensive investigation, including middle ear exploration. 4, 12 Results of conventional tests of vestibular function are often normal in the Tullio phenomenon and the diagnosis has usually been confirmed in the past by demonstrating eye movements in response to loud tones. Recently, however, click-evoked vestibular reflexes recorded from the neck (vestibulocollic reflexes) have been shown to have abnormally low thresholds (less than 75 dB normal hearing level [nHL]) for ears affected by the Tullio phenomenon. 12 This test depends upon recording a short latency potential (p13/n23) in the averaged EMG of the sternocleidomastoid muscle (SCM) ipsilateral to the side of click stimulation and is relatively straightforward to perform. 13 Minor et al. 5 undertook high-resolution CT scanning of the temporal bones in a group of patients with the Tullio phenomenon and demonstrated that a defect (dehiscence) of the bony capsule forming the roof of the anterior (superior) semicircular canal occurred in affected ears. In two of these patients dehiscence was confirmed at middle cranial fossa exploration and one of these responded well to surgical correction of the defect.
The main aim of the current study was to use both click-evoked vestibulocollic responses and highresolution CT scanning in a group of patients with the Tullio phenomenon. We hoped to establish the role of these investigations, one functional and one structural, in both the diagnosis and in elucidating the pathophysiology of this condition. In addition, we wished to study these patients' galvanic-evoked vestibular reflexes in the neck. Short-duration galvanic stimulation has been shown to produce very similar responses to clicks recorded from the SCM, but, unlike clicks, its action appears to be through direct activation of the distal vestibular nerve.
14 Normal galvanic-evoked vestibular reflexes in patients with the Tullio phenomenon, despite low thresholds for click responses, would indicate that the vestibular hypersensitivity to sound was the result of an abnormality distal to the vestibular nerve and thus most likely to be at the receptor level.
Methods.
Patients. We contacted all six patients with the Tullio phenomenon seen at the Royal Prince Alfred Hospital Hearing and Balance Unit over the period 1995 to 1998. The case histories of the four patients we studied in detail are given below. A fifth patient with a very clear background of the Tullio phenomenon (including documented sound-induced eye movements) and also spontaneous episodes of rotatory vertigo was found to have lost his symptoms and showed normal click-evoked vestibulocollic responses and CT scan. A sixth patient preferred not to participate.
The eye movements of each patient were observed (wearing Frenzel lenses) in response to tone bursts, Valsalva maneuver, and external auditory canal positive pressure, the latter generated by insufflation with an air-filled syringe.
Each patient had a CT scan of the petrous temporal bones, particularly looking for the abnormality described by Minor et al. 5 The scans were performed on a GE 9800 CT scanner (GE Medical Systems, Milwaukee, WI) using 1.5 mm slices at 1 mm intervals in both axial and direct coronal planes. A bone algorithm, user-defined gray scale, and video inversion technique were used with a minimum (9.6 cm) field of view.
Vestibulocollic reflex responses. Vestibular-dependent responses to clicks and galvanic stimulation can be recorded in the averaged unrectified EMG of the SCM. 13, 14 Responses to both forms of stimulation occur at a short onset latency of approximately 8 msec and both have a similar positive-negative (p13/n23) waveform in the SCM on the side of stimulation (ipsilateral to the cathode for galvanic stimulation). Whereas clicks are thought to activate the hair cells of the sacculus after transmission through the middle ear, 13 galvanic stimulation is most likely to activate the vestibular nerve directly.
14 All patients had vestibulocollic responses to both clicks and galvanic stimulation assessed, using methods similar to those previously described. Active recording electrodes were placed over the middle of each SCM, and indifferent electrodes over each clavicle. Muscle activation was achieved by head elevation from a reclined position. Both unrectified and rectified EMG were amplified and bandpass filtered (8 -1600 Hz) bilaterally. EMG was sampled (5.0 kHz) and averaged (n ϭ 256 each) from 20 msec before to 100 msec after stimulus delivery (five per second), using a 1401-plus analogue to digital converter and Sigavg software (Cambridge Electronic Design, Cambridge, UK) on a personal computer. Reflex responses were always measured from the unrectified averages whereas mean rectified EMG for the 20-msec period before stimulus delivery was used to quantify the level of tonic background muscle activation. The amplitude of vestibulocollic responses was expressed as a ratio of peak to peak amplitude divided by mean prestimulus EMG, a value that is independent of the level of background activation. 13, 14 Click-evoked responses. Clicks were delivered through calibrated headphones (TDH49, Telephonics Corp., NY). Responses were obtained at 100 dB nHL and then the click intensity was reduced in 5-to 10-dB increments to find the response threshold to the nearest 5-dB (nHL) for each ear.
Galvanic-evoked responses. Current stimulation (model DS2A, Digitimer Ltd, UK) was via electrodes that were individually cut (600 -900 mm 2 ) from commercially available electrosurgical plating (3M, St. Paul, MN), coated with conductive paste, and placed over each mastoid process. Stimulating current pulses were of the same duration (2 msec), but slightly lower intensity (3 mA), than routinely used in a previous study. 14 Stimulus artifact was minimized as in previous studies 14 by the following measures: the use of an earth electrode encircling the neck; the subtraction of an average obtained with the SCM relaxed (stimulus artifact only) from the average obtained with SCM active (stimulusevoked response plus stimulus artifact); and the use of an electronic circuit to prevent the amplifier from overloading for the duration of the stimulus.
Results. Case histories. Patient 1. A 32-year-old man (M.H.) with bilateral congenital sensorineural hearing loss had a 6-year history of sound-induced oscillopsia, associated with a tendency to veer to the left. He first became aware of his symptoms as a result of the wind whistling in the hearing aid in his left ear. He described the oscillopsia as a fluttering rotation, "like shuddering with a video camera." Since the onset he had also noticed other acoustic stimuli causing oscillopsia, including the telephone ringing, children screaming, and a pencil tapping. If he turned the left-sided hearing aid off, but left it in place, the symptoms were less pronounced. He also reported that placing a finger in his left external ear canal or sneezing could produce the same symptoms. He was not aware of any specific antecedent cause and there had been no major change in his symptoms since their onset. The left middle ear appeared normal at exploration in 1992 when attempted patching of both the round and oval windows produced no clinical benefit. His mother had had measles in the perinatal period and also required blood transfusions in relation to fetal blood group incompatibility. Two brothers and a sister had normal hearing.
Positive pressure in the left ear evoked mild ocular torsion with the upper poles of both eyes torting away from the stimulated ear. The Valsalva maneuver did not produce symptoms or any definite eye movements.
Pure tone audiometry revealed a sloping pattern of sensorineural hearing loss bilaterally, with detection thresholds of 50 to 60 dB (ISO) at low frequencies and 80 to 90 dB (ISO) at high frequencies. Results of caloric and rotational testing were normal. When a 750-Hz tone burst was presented to his left ear at 90 dB (ISO) or louder, he experienced oscillopsia and we observed sustained ocular torsion, with the upper poles of both eyes rolling away from the left ear. At 500 and 1000 Hz, 100 dB (ISO) or louder was required to produce a similar response.
Patient 2. A 52-year-old man (R.G.) had noticed a sense of imbalance on stooping, especially if for more than a few seconds, over a period of at least 8 months. He reported that severe vertigo occurred soon after straining on the toilet, with a sensation of somersaulting backwards and "implosion" lasting up to 10 seconds. He noted brief vertical oscillopsia in response to most loud sounds, but only following the initial clinical assessment. There was no other history of dizziness or balance disturbance. There was no history of any significant head or ear trauma.
Routine neurologic and otologic examinations were unremarkable. During a Valsalva maneuver he developed torsional nystagmus, with the fast phase comprising torsion of the upper poles of the eyes to the right. Raising the pressure in the external auditory canal evoked no ocular movements.
Audiometry showed no definite abnormalities; however, the detection threshold for bone conducted sound was less than or equal to Ϫ10 dB (ISO) for frequencies between 250 and 1000 Hz for both ears. He was also able to hear (rather than feel) a 256-Hz tuning fork placed on the lateral malleolus of either ankle (with increased loudness with occluding the external meatus). Results of caloric testing were unremarkable. Tone bursts of over 100 dB (ISO) at frequencies of 500 to 1500 Hz for the left ear and 750 to 1000 Hz for the right ear resulted in chiefly vertical oscillation of the eyes, with a component of torsion of the upper poles of the eyes away from the stimulated ear. Head jerks of brief duration and low amplitude were observed in response to the same acoustic stimuli. These were more prominent with left-sided stimulation when they appeared to comprise a variable combination of head extension and rotation (chin toward left shoulder). Accelerometry revealed a variable response with onset latency of the earliest component ranging from 32 to 52 msec (n ϭ 10).
Patient 3. For approximately 10 years, a 57-year-old woman (D.F.) had noted that pushing on her right ear, so as to occlude the external canal, resulted in momentary "jumping" of her vision and mild nausea. For many years she had experienced similar oscillopsia when listening to the telephone dial tone with her right ear, but not with any other acoustic stimuli. Mild oscillopsia also occurred on running, especially with right-sided foot strike, which was of sufficient severity to prevent her playing tennis. She had not noted oscillopsia with straining. For many years there had been a minor sensation of right ear blockage and her voice seemed to vibrate in her head. There had been minimal change in her symptoms since their onset and she considered the impact on her life to be minor.
Routine neurologic and otologic examination were unremarkable, except that Weber's test localized to the right side with 128-, 256-, and 512-Hz tuning forks and she was able to hear (rather than feel) the 128 and 256 forks when they were placed on the lateral malleolus of either ankle. Positive pressure in the right external canal produced torsional nystagmus, with the fast phase comprising torsion of the upper poles of the eyes to the right. Valsalva maneuver (against pinched nostrils) also resulted in torsional nystagmus with the fast phase to the right.
Audiometry and caloric testing gave unremarkable results. When a 500-Hz tone burst at 110 dB (ISO) was delivered to her right ear she reported mild oscillopsia and slight ocular torsion was observed. Other frequencies failed to evoke consistent symptoms or eye movements.
Patient 4. A 38-year-old man (S.K.) had an 18-month history of oscillopsia and imbalance brought on by certain loud sounds, such as his children shouting or cutlery falling onto the floor. He described the illusion of his visual environment twisting and translating to the left. Coughing, sneezing, and straining did not produce similar symptoms. There was also a vague sense of left ear blockage and an unpleasant rumbling of his own voice in his left ear. With prolonged talking he often felt vaguely dizzy and fatigued. On specific questioning he noted that he could often hear clicking or creaking of his neck or his left knee, which he believed was transmitted through his body.
On clinical examination there were no general neurologic, vestibular, or auditory abnormalities. Positive pressure in the external ear canal and a Valsalva maneuver produced no symptoms or ocular movements. He was able to hear (rather than feel) either a 128-or 256-Hz tuning fork placed on the lateral malleolus of the left ankle (with increased loudness when occluding the external meatus). Weber's test localized to the left using 128, 256, or 512 tuning forks.
Pure tone audiometry, tympanometry, and acoustic reflexes were all normal. Bithermal caloric testing showed a 38% directional preponderance to the left. Tone bursts to the left ear of over 90 dB (ISO) at 2000 Hz or over 100 dB (ISO) at 1500 or 3000 Hz resulted in sustained torsion of the upper poles of the eyes to the right. Head movements were observed in response to acoustic stimuli that were 5 to 10 dB less intense. These were of low amplitude and appeared to comprise either a sudden lateral tilt to the right or a slower tilt to the left. An accelerometer placed on the right temple showed a complex pattern of movement in response to 2000 Hz/120 dB (ISO) tone bursts of over 100 msec duration, with the earliest component (commencing at 29 to 55 msec, n ϭ 10) away from the left and a later component (possibly related to termination of the stimulus) toward the left.
Vestibulocollic responses. The p13/n23 responses of Patient 1 (M.H.) are demonstrated in figure 1 and the results for all patients are summarized in figure 2. All five clinically affected ears showed an abnormally low threshold for the click-evoked p13/n23 response and the three clinically unaffected ears showed normal thresholds (normal greater than 70 dB nHL). 12, 13 Despite the reduced threshold, the maximum amplitude of the response was usually normal. In only one clinically affected ear was the click-evoked p13/n23 amplitude unusually large (right ear of D.F. in figure 2) , and both the right and left p13/n23 responses at 100 dB nHL were within the normal range of amplitudes for patients M.H., R.G., and S.K. Responses in the opposite SCM ("crossed responses") were always prominent with 100 dB stimulation of the affected ears. 12 All the galvanic-evoked p13/n23 responses were symmetric and within the range of amplitudes that we have previously found in normal subjects.
CT scans of temporal bones. In the CT scans of all five affected ears there was apparent absence of the bony roof of the anterior (superior) semicircular canal. In two of the three patients with unilateral clinical and vestibulocollic response abnormalities (M.H. and D.F.), the CT scan abnormality was also present on the clinically normal side ( figure 3 ). The reporting radiologist considered that it was not possible to distinguish between absence and thinning of the bony roof of the canal on these scans.
Discussion. Early this century, Tullio discovered that if a small opening was made in the bony capsule of one of the lateral semicircular canals of a pigeon the canal became sound responsive. Thus, when a pigeon with such a lesion was exposed to a loud sound, its head would move away from the operated side, in the plane of the fenestrated canal.
1 A "Tullio reaction" to sound was described in man soon after by Benjamins, 2 who reported a patient with a cholesteatoma causing a fistula from the middle ear through the bony capsule of the lateral semicircular canal. The Tullio phenomenon was later described as a complication of treatment of otosclerosis in which a fenestration was made into the lateral semicircular canal, 6 resulting in two mobile windows on the vestibular side of the basilar membrane. More recently the term "Tullio phenomenon" has been applied to patients in whom there is evidence of vestibular activation by sound, independent of which part of the vestibular apparatus may have been stimulated.
Our findings confirm that thresholds for clickevoked vestibulocollic responses (p13/n23) are abnormally low in patients with the Tullio phenomenon. 12 The normal galvanic-evoked vestibulocollic responses imply that vestibulocollic reflex (VCR) pathways are normal proximal to the vestibular nerve terminals. Thus the low threshold of the click-evoked responses in this condition is likely to be a consequence of increased sensitivity at the level of the vestibular hair cells to activation by clicks. The maximum amplitude of the response, while sometimes large, does not separate affected ears from normal, so that determination of the click-evoked VCR threshold is required. A very large response to 100 dB nHL clicks, as in patient D.F., should raise the possibility of abnormal sound sensitivity, but is not diagnostic.
Similar to Minor et al., 5 we have shown CT abnormalities in patients with the Tullio phenomenon and it is likely that dehiscence of the anterior (superior) semicircular canal is the commonest abnormality associated with the Tullio phenomenon. Minor et al. 5 proposed that the clinical features in their patients were the result of abnormal activation of the anterior (superior) semicircular canal, with the bony defect in the roof of this canal acting as a "third window" resulting in a low impedance pathway for sound transmission through the canal. However, evidence from animal studies suggests that stimulation of either the anterior (superior) semicircular canal 15 or the otoliths 16, 17 can result in a similar pattern of eye movements. In several earlier reports, sound or pressure induced eye movements similar to those described here and by Minor et al. 5 were attributed to otolith activation, in view of the tonic nature of the ocular torsion and the usual absence of nystagmus. 3, 11, 18 Click-evoked VCR responses are thought to be mediated by saccular activation [19] [20] [21] [22] [23] and thus the low thresholds of responses in these patients implies that the otoliths are likely to be activated by the sounds that evoke the Tullio phenomenon. Experimentally, canal fenestration leads to sound-evoked microphonic activity from the otoliths as well as from the fenestrated canal. 24 However, whereas clickevoked VCR hypersensitivity is a marker of abnormal sound sensitivity of the vestibular apparatus, it is not clear what role this abnormality has in the generation of the patients' symptoms.
An important difference from the findings of Minor et al. 5 was that the CT scan abnormality was frequently present bilaterally in our study and thus present in asymptomatic ears. In contrast, in their eight patients, Minor et al. 5 found the CT scan abnormality only in association with the nine clinically affected ears. In our patients it was not possible to distinguish confidently between frank dehiscence and an extremely thin plate of bone overlying the canal, and a similar CT scan appearance can occasionally be seen in patients scanned for other indications (G. Parker, personal communication, 1999). The CT scan abnormality, at least in our experience, does not necessarily imply the presence of the Tullio phenomenon and confirmatory evidence of abnormal vestibular activation by sound or pressure is required. Given that up to 20% of patients with vertigo may respond positively when asked if a loud sound causes vertigo or imbalance, 7 it is clearly important that any test is specific for this condition, as well as sensitive. Measurement of the threshold for clickevoked vestibular activation is considerably easier to quantify and simpler to perform than sound-induced eye movements and is likely to become the preferred method of demonstrating abnormal sound hypersensitivity.
Vestibular responses to sustained translabyrinthine pressure changes, as exemplified by symptoms related to changes in intrathoracic pressure or to raised pressure in the external ear canal, were present in two of our four patients and in six of eight patients of Minor et al., 5 and, indeed, may be the most prominent symptom in some (e.g., Patient 2 in our series). Sound consists of high-frequency changes in air pressure and thus the relative sensitivity to sustained pressure or sound is an indication of the frequency selectivity of the underlying abnormality. The frequency selectivity in patients such as ours may be related to the site and size of the bony defect. Traditionally, vertigo and eye movements in response to raised external auditory canal pressure have been associated with the presence of a fistula through the bony labyrinth of the lateral semicircular canal, most commonly as a consequence of advanced suppuration of the middle ear, and has been referred to as the "fistula sign." 25, 26 Vestibular activation consequent upon changes in external canal pressure has also been reported in congenital syphilis, 25, 27 Meniere's disease, 26, 28 and perilymph fistulae, in which perilymph leaks into the middle ear through a tear around the oval or round windows. 29 The nature of the induced eye movements may be indicative of the underlying pathology. The "fistula sign" consists of horizontal nystagmus lasting around 10 seconds [25] [26] [27] in response to a sustained pressure change in the external auditory canal. In cases of congenital syphilis involving the vestibular apparatus, Hennebert demonstrated that the application of air pressure to the external auditory canal produced slow horizontal ocular deviation. 25 Strictly speaking, "Hennebert's sign" describes this type of response. Neither of these patterns was present in our patients, who demonstrated torsional ocular movements in response to applied pressure. Support for the importance of the pattern of the induced eye movements comes from Ostrowski et al., 4 who reported three patients with pressure-induced ocular torsion, two of whom also had symptoms precipitated by sound. All underwent middle ear exploration and patching of suspected perilymph fistulae, but this resulted in no clinical improvement in any of the cases. One of our cases and two of those reported by Minor et al. 5 also underwent middle ear exploration and no evidence of perilymph fistulae was found.
A further notable clinical feature in some of the patients in this report is the apparent increased sensitivity of hearing via bone conduction, "conductive hyperacusis," also noted by Colebatch et al. 12 The localization of the tuning fork to the affected ear in the Weber test and the ability to hear a tuning fork placed on the medial malleolus are signs of this phenomenon. Von Békésy argued that suppression of hearing through bone conduction (including attenuation of the intensity of a subject's own voice) is a specific property of the ear that is contributed to by the structure of the bony labyrinth. 30 It is plausible that dehiscence of the bony labyrinth, by altering the acoustic impedance on one side of the cochlear membrane, could interfere with this mechanism and thereby increase the perception of bone-conducted sound.
With the fall in the incidence of syphilis and of suppurative middle ear disease, the most common abnormality associated with the Tullio phenomenon appears to be dehiscence of the anterior (superior) semicircular canal. The association of the Tullio phenomenon with congenital sensorineural deafness (including patient M.H.) supports a congenital basis for the anatomic abnormality, 9, 10 as does the occurrence of bilateral bony thinning in our patients. The clinical features of the Tullio phenomenon would occur once frank dehiscence developed, as a result of bone remodelling or trauma (e.g., Patients 3 and 5 from Minor et al. 5 ). We propose that patients with symptoms suggestive of sound-or pressure-induced vestibular activation should undergo both high-resolution CT scanning and determination of thresholds for click-evoked vestibular activation. If both reveal appropriate abnormalities (i.e., dehiscence of the anterior (superior) canal and pathologic click sensitivity), further investigations, such as middle ear exploration to exclude stapes dislocation 8, 11 or a fistula, 2, 7, 29 are not required. Surgical repair of the defect should be considered in patients with severe symptoms.
5
Note added in proof. Brantberg et al. 31 have recently also reported reduced VEMP thresholds for three patients with dehiscence of the superior semicircular canal associated with the Tullio phenomenon.
